Both metal and semiconductor nanoparticles can induce water splitting in response to light but in different ways: metal nanoparticles can generate hot carriers with a surface plasmon resonance (SPR) effect and semiconductor nanoparticles with optimal band gap and band edges are light absorbers for hydrogen and oxygen evolution reactions (HER and OER). Hence, hybrid structures of metals and semiconductors have been anticipated to have enhanced photocatalytic activities compared to pure metals and semiconductors. To find an optimal hybrid structure for the photocatalytic HER in water splitting, we herein construct Co/CoO hybrid structures with variation of the Co layer thickness, using density functional theory (DFT) calculations. It is found that the Co/CoO hybrid structures have different electronic characteristics with respect to the Co layer thickness, which leads to the varied photocatalytic activities. Based on this study, we find out the optimal Co layer thickness for the highest HER activity. For the SPR effect, a thick enough Co layer is necessary, while a thin enough Co layer is required for optimal light absorption for the HER in solar-driven water splitting. We believe that this thorough study on the photo-responses occurring in Co/CoO heterojunction systems can be considered as a framework to design new photocatalytic metal/semiconductor heterojunction systems with first-principles studies. Fig. 7 Energy-probability of hot electrons in each Co layer in Co(x)/CoO(111) under an incident photon energy of (a) 2 eV and (b) 2.6 eV. Numbers at the top of the graph denote the number of Co layers in the Co(x)/CoO(111) structures. The black dotted lines are the surface Co layer and the red solid lines are the interfacial Co layer among the Co layers. f e (vertical gray dotted line) is the SBH for electrons in each hybrid structure. Hot electrons overcoming the SBH from the interfacial Co layer (Co-0) to the CoO layers are shown in red color for example.
Introduction
Spontaneous solar-driven water splitting is a highly promising pathway for clean and renewable energy supply in the future. The ultimate goal is to develop efficient, economical and stable photocatalysts which are able to accomplish overall water splitting under visible light irradiation, without using a sacricial agent or external bias. Recently, cobalt-based materials have been highlighted as innovative solar-driven water splitting catalysts. This is because of their H 2 evolving ability, 1,2 different from most cobalt-based materials which have been assessed as water oxidizing electrocatalysts in the past decade. [3] [4] [5] [6] [7] [8] [9] [10] To date, CoO nanoparticles showed a high solar-to-hydrogen conversion efficiency producing both H 2 and O 2 without external bias or a co-catalyst in neutral water. 11 The overall water splitting on CoO nanoparticles could be realized because three steps of photocatalysis 12 occurred spontaneously under illumination: (i) a specic facet on the CoO nanoparticles has optimal band edge positions relative to the water redox potential for overall water splitting by light absorption, 13 (ii) the photogenerated charge carriers are efficiently separated between two different kinds of facets on the nanoparticles, 14 and (iii) the charge carriers photogenerated on the nanoparticles have high enough energies to overcome the kinetic barriers for H 2 and O 2 evolution at the active facets. 14 However, for a monolithic nanoparticle, this spontaneous photocatalysis is observed under very limited conditions of specic material, morphology, size and surface environment. 11, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In general, metal co-catalysts have oen been deposited on semiconducting photocatalysts to promote the HER activity for two reasons: metal co-catalysts can separate charge carriers by suppressing the electron-hole recombination in photocatalysts and serve as the reaction sites by lowering the kinetic barrier for the HER. Metal Co formed on CoO nanoparticles with simple annealing in a reducing environment also lowered the kinetic barrier for the HER (HER overpotential) and improved the electrochemical HER activity compared to pure CoO. 24 The enhancement in the HER activity was dependent on the thickness of the Co layer formed in the Co/CoO hybrid structures. 24 In particular, an optimal Co layer thickness in the Co/CoO hybrid structure exhibited a very low HER overpotential comparable to that of the commercial Pt/C catalyst, together with much better long-term stability than pure CoO. 24 Nevertheless, the origins of the enhancement and the thickness dependency of the HER activity have not been claried yet.
Furthermore, it has not been studied whether the Co/CoO hybrid structures are photocatalytically active for hydrogen evolution from water splitting.
In our previous study, 13 it was suggested that the photocatalytic capability of CoO for the HER can be improved with metal Co decoration. Co decoration shis the band edges of the CoO layer to a more negative potential relative to the H + /H 2 level, different from those of the bare CoO surface with a positive potential, 13 suggesting that Co decoration makes the CoO layer active for H 2 evolution under irradiation. In addition to the photo-response of the semiconducting CoO layer, metal Co itself can induce the surface plasmon resonance (SPR) effect. 25 This SPR effect occurs when metal nanoparticles with a size much smaller than the photon wavelength excite surface plasmons under illumination, and create electron-hole pairs of high energy called hot electron-holes. The SPR effect can be employed to deliver hot carriers from the metal nanoparticle to the adjacent semiconducting (or insulating) substrate and to induce the HER/OER on the hybrid structure from water splitting. [26] [27] [28] This effect is very important and interesting in the photocatalysis of water, since it can trigger the HER/OER even with large band gap materials (of the UV spectrum) under visible light, with the hot carriers transferred from metal nanostructures.
We herein study the photocatalytic behaviors of the Co/CoO hybrid structures with different Co layer thicknesses for H 2 evolution. The thickness-dependent interfacial structures/ properties of the Co/CoO hybrid structures are identied by examining the electron transfer between the Co and CoO layers, band bending aspects in CoO layers and Schottky barrier height (SBH). We also investigate the two kinds of photo-responses occurring in metal Co and semiconducting CoO layers as a function of the Co layer thickness, independently: to evaluate the feasibility of the photocatalytic HER on the Co/CoO hybrid structures by light absorption by CoO, we compare the conduction band edge position (E C ) relative to the water reduction potential level (H + /H 2 ), with the HER overpotential. For the investigation of the SPR effect in Co layers, the distribution of energy-population of hot electrons is calculated. Based on the thickness-dependent photocatalytic properties, we determine the optimal thickness of the Co layer in the hybrid structures for active H 2 evolution from water splitting under visible light sources.
Methods

Co/CoO(111) structure
Co/CoO core-shell structured nanoparticles are experimentally manufactured by reducing CoO nanoparticles in a pure Ar or Ar/ H 2 mixture atmosphere. 24 The interface of the Co and CoO regions formed during the reducing procedure showed smooth (111) plane matching between the Co and CoO layers. 24 To mimic the Co layers and interface in the Co/CoO core-shell structure experimentally generated, we removed 1-4 oxygen atomic layers from both surface sides of the initial CoO(111) lattices. The created hybrid structure has a Co layer (facecentered cubic (FCC) structure) in the shell and a CoO layer in the core with a symmetric supercell as shown in Fig. S1 in the ESI † as an example. To study the sole effect of the Co layer thickness, the total number of CoO layers was xed at 5 Co and 4 O layers. We named each supercell Co(x)/CoO(111), where x is the number of atomic Co(111) layers formed on the CoO(111) core. For example, Co(4)/CoO(111) denotes a hybrid structure which has 4 atomic Co(111) layers on each shell layer in a symmetric supercell, together with a CoO(111) layer in the central region.
We modeled Co/CoO(111) slabs using supercells of a (2 Â 2) in-plane unit cell with 4 atoms in each layer ( Fig. S1 in the ESI †). For the structural relaxations of the slabs, a vacuum layer of $15 A was constructed perpendicular to the surface. The atoms in the central 5 atomic layers were xed in the bulk CoO positions, while all other atoms were allowed to fully relax. A type-II antiferromagnetic (AFM-II) spin ordering was initially set in all slab structures in which the magnetic moments of the Co 2+ ions are ferromagnetic within each (111) plane, with antiparallel ordering of adjacent (111) planes. 13, [29] [30] [31] To address the strongly correlated and localized 3d shell of Co, we employed the DFT + Hubbard U (DFT + U) approach within spin-polarized density functional theory using VASP. 32,33 U eff ¼ 4.1 eV on Co atoms was applied since the U eff correction gives a lattice constant, magnetic moment, and band gap of CoO in good agreement with the experimental values. 13 Projected augmented wave (PAW) pseudopotentials from the VASP database and the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) were used to describe the exchange-correlation effects. 34 An energy cutoff of 800 eV, a 6 Â 6 Â 1 Monkhorst-Pack k-point mesh, and a Gaussian smearing width of 0.05 eV were used. Atom positions were relaxed until all forces were less than 0.005 eVÅ À1 .
Prediction of E C vs. H + /H 2
Previous studies on band edge position calculations of CoO surfaces with a vacuum layer 13 have been unable to reproduce their band edge positions experimentally observed in an aqueous solution. Unlike the vacuum calculation or the implicit solvation calculation of CoO, an explicit solvation method with direct contact of bulk liquid water could reproduce the band edge positions experimentally measured in an aqueous solution. 13 Therefore, in this study, to predict the conduction band edge position relative to the water reduction potential level (E C vs. E (H + /H 2 )) of the CoO(111) layers in the Co/CoO(111) hybrid structures in an aqueous environment, three step calculations of an explicit solvation method are conducted as introduced in ref. 13,35, and 36 : For the potential drop at the interface (third term in eqn (1), H int,CoO À H int,H2O ), liquid water/Co/CoO(111) interfaces were explicitly constructed with direct contact of the DFT-relaxed Co/ CoO(111) slabs and the bulk liquid water prepared with classical molecular dynamics (MD) simulations. 13 The Hartree potentials of the water/Co/CoO interfaces were obtained as a function of the position from the bottom of the Co/CoO(111) slab to bulk liquid water, with static DFT calculations ( Fig. S2 in the ESI †). For the static DFT calculations, we ignored both spin polarization of the Co atoms and Hubbard U correction. This is because water contact makes the CoO surface lose considerable magnetic moment of Co atoms ( 
HER overpotential
We determined the thermodynamic stability of H adsorbed (intrinsic barriers for the HER) on the Co/CoO(111) surfaces by calculating the free energy change for hydrogen adsorption (DG H* ), which has shown to be a good HER activity descriptor for a wide variety of surfaces. 37, 38 The DG H* can be computed by modeling the possible intermediates formed during the hydrogen adsorption-reduction-desorption processes at the cathode, given by 2H + + 2e À / H* + H + + e À / H 2 .
Free energy changes (DG) for the intermediates at P H 2 ¼ 1 bar were calculated using the approach reported in ref. 39 , where
where DE is the reaction energy determined from DFT and DZPE is the difference in zero-point energies due to the reaction between the adsorbed and gas phases by setting H 2 O and H 2 in the gas phase as reference states. 39 DZPE of surfaces is calculated using DFT calculations. DS is the change in entropy, computed using DFT calculations of the vibrational frequencies and standard tables for gas phase molecules, DG U ¼ ÀeU is the free energy change due to electrode potential U, and DG pH ¼ kT Â ln[H+] ¼ ÀkT Â ln 10 Â pH is the free energy change due to the change in pH. All values of DG are computed at T ¼ 298 K and pH ¼ 1.
Hot electron energy distribution
The energy distribution of the hot carriers immediately aer photon absorption is determined from the initial states of electrons in the Fermi gas and the incident photon energy (E ph ). We estimated the energy-population distribution of the hot electrons created in Co layers, with the transition probability (P(E) in eqn (3) which describes the joint density of states multiplied by their respective Fermi distribution functions, f(E)), as introduced in ref. 40 .
where D(E) is the electron density of states (DOS) as a function of the electron energy, E. Upon photon excitation with E ph , an electron in the Fermi gas is promoted from E À E ph to a higher energy state, E. The model of the transition probability in eqn (3) was validated for the energy distributions of hot electrons/ holes in a variety of materials including pure metals, alloys and nanostructures. 40 For the prediction of hot electron energy-probability distribution in the ferromagnetic (FM) Co layer, it is assumed that spin ipping is available at the moment of the transition when the incident light resonates with the Co layer.
Results and discussion
Structures of Co layers
It has been widely believed that the characteristics of a heterointerface formed with two different materials are determined by the bulk characteristics of the two materials. Undoubtedly, a phase located far away from the heterointerface will have a structure similar to its bulk phase. Yet, a variety of interesting and unexpected phenomena have been found to originate from the peculiar heterointerfaces in many systems. [41] [42] [43] [44] [45] The peculiar heterointerfaces might come from the interesting combination of two different materials, or from a heterointerfacial structure/ property different from that of their bulk phases. In the case of an epitaxial interface, the structures/properties are more complex because various effects come from lattice mismatch (strain) between the adjacent materials.
A recent HRTEM (high resolution transmission electron microscopy) image showed that a Co/CoO core-shell hybrid structure prepared by reducing CoO nanoparticles has a smooth lattice matching along the (111) plane at the interface of the Co and CoO layers. 24 The lattice parameter of the Co layer is the same as that of the adjacent CoO lattice ($0.24 nm), which is largely different from the bulk value of the central Co core ($0.2 nm). This directly shows that the Co layer right next to the Co/ CoO interface is epitaxial with the CoO layer, and the Co layer is subjected to very large in-plane strain, up to 20% tension.
In general, the very large strain due to lattice mismatch at the interface is accompanied by the structural defect formation for relaxing the strain, but some HRTEM observations of metal/ metal oxide heterojunction systems 46-51 manipulated with oxidation (or reduction) exhibited high porosity together with an epitaxial metal/metal oxide interface, without the formation of other defects. Even for the Co/CoO(100) interface created from the oxidation of Co, an epitaxial structure is formed without defect formation at the interface, 46-51 but with high porosity 52 as observed at the Co/CoO(111) interface. 24 Therefore, the formation of an epitaxial heterointerface in the Co/CoO(111) hybrid structure might be feasible in the very localized region with the assistance of the enormous pores for strain relaxation, although we have not been able to imagine the epitaxial structure owing to the very large lattice mismatch between metal and oxide layers. 24 Thus, all Co layers have almost 20% tensile strain along the in-plane axis, as expected from a previous HRTEM image. 24 According to our MD studies (effects of the defects (Fig. S3 in the ESI †), aspect ratio ( Fig. S4 -S6 in the ESI †) and size ( Fig. S7 in the ESI †) on the stress-strain curves of Co), a thin lm of a perfect lattice without defects with a low aspect ratio and small size can have considerably improved elastic limit (elasticity) compared to the bulk metal. These conditions are similar to the Co thin layer in the Co/CoO core/ shell nanoparticles. Also, it was experimentally conrmed that the elastic limit and yield strength of Au nanowires 53 and sub-micron metallic glasses 54 signicantly increase by $3 to 10 times compared to their bulk phases. Hence, the metal Co layer formed on CoO nanoparticles may sustain the large lattice mismatch in the local area without generating defects.
In addition to the severe in-plane strain in Co layers, to identify their structures along the out-of-plane axis, we investigate the lattice parameter ratio of Co and CoO layers (a(Co)/ a(CoO) ratio) along the thickness direction as dened in the inset of Fig. 1(b) . There are three ideal values for the a(Co)/ a(CoO) ratio in this study. One is 0.579, when volume is conserved even under a large in-plane strain of 20% (lower ideal value), which is an unrealistic case. The second is 0.782, when face-centered cubic (FCC) structured-Co follows Poisson's ratio of Co ¼ 0.31 (ref. 55) under elastic in-plane strain (middle ideal value). The nal is the bulk value, i.e., 0.833, when the Co layer is unstrained (upper ideal value). As can be seen in Fig. 1(b) , all the ratios in the Co/CoO(111) hybrid structures are between the lower and upper ideal values, and very close to the middle value. This means that the actual structural state of the interfacial Co layers is similar to that of the biaxially strained Co following its Poisson's ratio. Therefore, the Co layers are present between the two ideal states as schematically depicted in Fig. 1(c) , which suggests that the Co layers experience a volume expansion of $31.33% compared to the bulk phase, under 20% tension along the in-plane direction.
Each Co layer in the hybrid structure has a slightly different a(Co)/a(CoO) ratio depending on the position and thickness. Co layers have lower a(Co)/a(CoO) ratios going from the interface to the surface layer. This means that surface Co layers tend to have a slightly denser structure, while interfacial Co layers form a looser structure, relatively. The central region of Co layers (neither surface nor interfacial layer) in Co(4)/CoO(111), exhibits a similar ratio to the middle ideal value, which shows that thicker Co layers have the strained structure of bulk Co in the center. These thickness-dependent structures of Co layers are expected to result in different interfacial properties and different photocatalytic behaviors in the Co(x)/CoO(111) structures, as observed in the examination of other properties. 41, 48, 49, 52, [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] 
Work function of Co/CoO(111)
When a metal and a semiconductor are brought into contact, atoms and electrons are redistributed at the interface until the equilibration of the electrochemical potential is achieved. The equilibration process is accompanied by electron transfer across the interface, which results in the formation of a space charge layer in the semiconductor at the interface. As a result, the conduction and valence band edges at the interface deviate from their bulk values, which in turn bends the energy bands of the semiconductor and forms the SBH for charge transfer (f e for electron and f h for hole).
The degree/direction of band bending and the SBH formed at the interface have long been commonly correlated with work functions (F) of the two different materials because the amount/direction of electron transfer is characterized by the relative electron affinities of their bulk phases; a material of high work function strongly attracts electrons and vice versa. However, the band bending aspects and SBH frequently deviate from the prediction with work functions of bulk phases since the work functions of materials are inuenced by the surface state, e.g., surface orientation, adsorbates and thickness. 67,68 Fig. 2(a) shows the change in work functions of the Co/ CoO(111) hybrid structures with variation of the Co layer thickness in the structure. For comparison, work functions of isolated and undeformed Co(111) and CoO(111) slabs (named 'IU-Co' and 'IU-CoO') with different thicknesses are shown in Fig. 2(b) . The work function of the entire Co/CoO hybrid structure (blue square in Fig. 2(a) ) decreases up to Co(2)/ CoO(111) from the bare CoO(111) slab, and it increases again beyond the critical thickness of the Co layer. This demonstrates that even though the same materials (Co and CoO in this study) form the heterointerface, the created interface has different electron affinities depending on the relative thickness of the two materials, which deviates from the prediction with work functions of their bulk phases. 69 In addition, the work function of Co(111) layers isolated from the hybrid structure (named 'I-Co', red triangle in Fig. 2(a) ) also slightly decreases up to 2 atomic Co layers, followed by an increase beyond the critical thickness. The variation in work function of the 1-2 layered I-Co slabs does not follow the trend of the IU-Co slabs which monotonically increases with increasing Co thickness. In contrast, the variation of the 2-4 layered I-Co slabs seems to trace the change in the IU-Co slabs (green diamond in Fig. 2(b) ). This is because the work function of Co slabs is sensitive to strain, the magnitude of which is also dependent on the Co layer thickness (Fig. S8 in the ESI †) . Also, a slightly reduced work function in the I-Co slabs than in the IU-Co slabs seems to be related to the tensile strain exerted on I-Co at the interface, since tensile strain decreases the work function of the FCC-Co(111) slabs (Fig. S9 in the ESI †).
A close look at Fig. 2 provides an interesting point that there is a cross point between the work functions of Co and CoO layers, around 3 or 4 Co layers both in I-Co/I-CoO ( Fig. 2(a) ) and in IU-Co/IU-CoO ( Fig. 2(b) ). This suggests that the relative electron affinities of Co and CoO layers suddenly become the opposite around the critical Co layer thickness; consequently, the direction of electron transfer becomes the other direction. That is, the variation of the Co layer thickness can simply modulate the electronic characteristics of the Co/CoO(111) interface. This modulation is unavailable with the change of CoO layer thickness, because the work function of IU-CoO slabs scarcely changes with respect to thickness (gray triangle in Fig. 2(b) ). Therefore, changing the work function of the Co layer with thickness, as we do in this study, is suitable to control the interfacial electronic structure of the Co/CoO core-shell structure.
SBH and band bending
In this section, to conrm the predicted change in the interfacial electronic characteristics at around 3-4 Co layers, we examine SBHs for electrons and holes (f e and f h ), charge transfer at the Co/CoO(111) interface and band bending in the CoO(111) layers. Fig. 3(b) shows an example of the local density of states (LDOS) of each Co and CoO layer in the Co(1)/CoO (111) hybrid structure as denoted in the atomic conguration of the structure (Fig. 3(a) ). The interface of the Co/CoO(111) structure presents metallic behavior, since there is no energy gap in the DOS. The central region of CoO(111) has a band gap of $2.6 eV between the conduction and valence band edges, which is in good agreement with the band gap of bulk RS-structured CoO. 32,70-72 f e (or f h ) is measured from the energy difference between the Fermi level (E F ) of the Co/CoO(111) structure and the E C (or E V ), as shown in Fig. 3(b ). The f e (or f h ) gradually increases (decreases) with increasing thickness of the Co layer. This shows that as the Co layer becomes thicker, electron transfer from Co to CoO becomes less probable, while hole transfer becomes easier. Between 3 and 4 Co layers, the sign of f h suddenly becomes the opposite, suggesting the absence of a barrier for hole transfer, that is, the formation of ohmic contact between the Co and CoO layers.
Since the space charge layer width (10 nm to several mm) is larger than the CoO thickness (the size of the Co/CoO(111) coreshell observed in experiment 24 is about 10 nm in diameter), the band bending effect is ignorable in the CoO layer in the Co/CoO core-shell nanoparticles. But, to understand charge transfer behavior between metallic Co and semiconducting CoO layers in the process of electrochemical potential equilibration of the two phases, we predict intrinsic band bending to occur in the CoO layers by drawing the E C and E V at the interface with respect to those of the bulk CoO phase, 73, 74 as shown in Fig. 4 . The band bending is downward in the hybrid structures with 1-3 Co layers, the degree of which decreases with increasing Co layer thickness. Yet it suddenly becomes upward in the Co(4)/ CoO(111) structure. These thickness-dependent band bending aspects stem from the thickness-dependent electron affinity of the Co layer relative to that of the CoO layers in the hybrid structure: F Co is smaller than F CoO in the hybrid structures with 1-3 Co layers, whereas it is greater in Co than in CoO in the Co(4)/CoO(111) structure, i.e., F Co > F CoO , as predicted in Fig. 2(a) . These band bending aspects provide important information that electrons transfer from Co to CoO in the hybrid structures with 1-3 Co layers in the electrochemical potential equilibrium process, while electrons are collected from CoO to Co in the Co(4)/CoO(111) structure. Upward band bending occurs from the Co(4)/CoO(111) structure to the thicker Co layer decorated hybrid structure (more than 4 atomic Co layers, i.e., for a thick enough Co layer), as expected from work functions of bulk Co and CoO phases: Co attracts electrons more strongly than CoO, and electrons are depleted in the CoO layer near the interface, resulting in upward band bending.
The different band bending aspects lead to different charge states of the Co/CoO surface. The larger downward band bending in the CoO layer means more electrons come to the CoO layer from the Co layer, because of the intrinsically more ptype semiconducting nature of the CoO layer. Accordingly, fewer electrons are anticipated to transfer to the CoO layer as the Co layers are thicker; consequently, more electrons are present in Co layers, as schematically depicted in Fig. S10 in the ESI. † In particular, in the Co(4)/CoO(111) structure, electrons are collected to the Co layer from CoO; thus, the surface the Co layer become the most negatively charged.
To demonstrate our explanation of the relative charge state in the previous paragraph, we investigate the LDOS of Co layers in the hybrid structures (blue line in Fig. 5 ). To understand the intrinsic energy state of each Co layer without hybridization with CoO, we consider the LDOS of the Co layers isolated from the Co/CoO(111) hybrid structure (I-Co, red line in Fig. 5 ). The LDOS of Co layers in the Co/CoO(111) structures with 1-3 Co layers (blue line) are located at a higher energy than those of the I-Co layers. This suggests that the occupation of electrons in the Co layer decreases as a result of electron movement to the adjacent CoO layer as expected from the downward band bending aspect of the CoO layer (Fig. 4) . The decline in the electron occupation is more severe in the surface Co layer than in the interfacial Co layer, which directly shows that fewer electrons exist in the surface Co layers, because of electron transfer to the CoO layers. In contrast, the LDOS of Co layers in the Co(4)/CoO(111) structure shi to a lower energy compared to I-Co, suggesting that electrons come to the Co layer and ll the energy state of the Co layer. The degree of the shi to a lower level is greater in the surface Co layer than in the interfacial Co layer. This shows that more electrons are gathered in the surface layer, which results in a negatively charged Co surface. In summary, the surface Co layers are more negatively charged with increasing Co layer thickness in the Co/CoO hybrid structures.
HER by light absorption by CoO
To understand how the different characteristics of Co/CoO hybrid structures affect the photocatalytic hydrogen evolution behavior, we examine two kinds of photocatalytic properties, i.e., the SPR effect in the Co layer and light absorption by the CoO layer, independently, with variation of the Co layer thickness. Based on the examination, we predict an optimal thickness of the Co layer for the active creation of hydrogen on the Co/CoO(111) photocatalysts from water splitting.
The conduction/valence band edge positions of a semiconducting material relative to the water redox potential are a critical criterion measuring whether light absorbed by the semiconducting photocatalyst can trigger the HER/OER. 13 This criterion is based on the idea that the HER (or the OER) occurs only when electrons (or holes) generated by light absorption have enough energy to overcome the intrinsic barrier for the HER (or the OER), i.e., E C is more negative than the H + /H 2 level or E V is more positive than the H 2 O/O 2 level (vs. NHE). To evaluate the energy state of the photogenerated electrons in an aqueous solution, we predict the E C vs. H + /H 2 of the CoO layer in each Co(x)/CoO(111) hybrid structure with an explicit solvation method, 13, 35 as shown in Fig. 6(a) . With decoration of one atomic Co layer (Co(1)/CoO(111)), the E C of the CoO layer is more negative than that of the bare CoO(111) surface by $0.4 V, while it shis to a more positive potential with further increase in the Co layer thickness. Since the E C of the CoO layer is located above the H + /H 2 level in the Co(1)/CoO(111) structure, it is anticipated that the formation of a metallic Co layer on CoO(111) improves photocatalytic HER activity compared to bare CoO(111). However, further increase of the Co layer thickness beyond two atomic Co layers results in a loss of photocatalytic activity for the HER.
The variation of the E C vs. H + /H 2 with respect to the Co layer thickness is relevant to the charge state of the Co/CoO(111) surface. The Co(1)/CoO(111) structure contains many electrons in CoO layers during the process of electrochemical equilibration of Co and CoO layers as explained in Section 3.3 (Fig. 4) and in Fig. S10 in the ESI. † Therefore, when the Co(1)/CoO(111) structure is positioned in an aqueous environment, fewer electrons transfer from water to the CoO layer, which results in a more negative E C vs. H + /H 2 . 13 However, in the Co(4)/CoO(111) hybrid structure, electrons move to the Co layer from the CoO layer during the process of electrochemical equilibration of the two materials (Fig. 4) , and the CoO layer becomes comparatively positively charged. Therefore, the CoO layer in the Co(4)/ CoO(111) structure accepts more electrons from water at the moment of immersion in water, exhibiting a more positive E C vs. H + /H 2 . 13 According to our previous characterization in ref. 13 , as the CoO surface is negatively charged, the E C is located at a higher energy level, i.e., a more negative potential level compared to the H + /H 2 level. As the Co decoration layer becomes thicker in the Co/CoO(111) hybrid system, the E C varies from negative to more positive values (vs. NHE). This means that the CoO(111) layer is the most negatively charged in the Co(1)/CoO(111) structure, while it is more positively charged as the Co layer becomes thicker, which is in agreement with the interpretation in the section 'SBH and band bending'.
However, we still do not know whether the photocatalytic HER occurs on the Co(1)/CoO(111) hybrid structure, only with the band edge positions of light absorbers (CoO in this study). This is because whether the energy of the photogenerated electrons is high enough to overcome the intrinsic barriers for the HER on the Co/CoO hybrid structure is unknown, without understanding the transition state of the HER on the Co/CoO structure. 13 Therefore, we calculate the HER overpotential (h HER ) which indirectly implies the energy state of the transition state of the HER, that is, the energy barrier. The h HER of a surface has been widely estimated by calculating free energy change for hydrogen adsorption, DG H* (|DG H* | ¼ h HER ). 37, 38 A surface strongly binding with hydrogen has a more negative value, while stabilizing hydrogen adsorption on a surface with a more positive value is difficult. In particular, as the energy change of a surface approaches 0 (|DG H* | is smaller), h HER of the surface becomes lower, resulting in a higher HER activity on the surface. 75 Fig. 6(b 24 The very low h HER values observed in the Co(1)/CoO(111) and/or Co(2)/CoO(111) structures ( Fig. 6(b) ) are also consistent with the experimentally measured HER overpotential, comparable to those of the commercial Pt/C catalyst. 24, 76 This low h HER is possible because hydrogen adsorption-desorption readily occurs on the thin Co decorated hybrid structure, with almost ignorable electron exchange between the adsorbed hydrogen and the Co/CoO surface (Fig. S12 in the ESI †). Due to the negligible electron exchange, hydrogen binds on the Co/ CoO surface strongly enough to stabilize the adsorption and weakly enough to be easily desorbed from the surface, which directly causes the most efficient HER (requiring less energy to generate H 2 ). The high HER activity of Co(1)/CoO(111) is also conrmed from our ab initio MD study: Co(1)/CoO(111) in contact with liquid water at 298 K spontaneously dissociates water molecules to H* and OH*, and then creates H 2 (Fig. S13 in the ESI †), while pure RS-CoO(111) and FCC-Co(111) are unable to form H 2 (Fig. S14 in the ESI †). The different behaviors between the Co/CoO and CoO surfaces in an aqueous environment seem to originate from the very different DG H* ( Fig. 6(b) ): well-balanced adsorption-desorption of H on the Co/CoO(111) surface, while too strong binding of H on the CoO(111).
Both theoretical HER overpotentials estimated from the E C vs. H + /H 2 (Fig. 6(a) ) and the electrochemical HER overpotential estimated from the DG H* (Fig. 6(b) ) predict that the most active structure for the HER is either the Co(1)/CoO(111) or Co(2)/ CoO(111) structure. In order to determine which surface structure is indeed able to catalyze the HER under illumination without external bias, we use a criterion determining the feasibility of the photocatalytic HER as explained in ref. 14: the HER occurs when the E C is more negative than h HER (¼|DG H* |), according to h HER (U) ¼ h HER (U ¼ 0 V) + U, where the U value is determined by E C for photogenerated electrons. This criterion is based on the idea that only when the photogenerated electrons have enough energy to overcome the intrinsic barrier for the HER can HER occur under illumination without external bias. The predicted HER feasibility and the E C and h HER values used for the determination are summarized in Table 1 . According to the criterion, only Co(1)/CoO(111) can dissociate water by light absorption, and spontaneously create H 2 . However, the pure CoO(111) and hybrid structures with thicker Co layer decoration (beyond the 1 atomic Co layer) are unable to create hydrogen because the electrons photogenerated on them need more energy to overcome the intrinsic barrier for the HER.
SPR effect in Co layers
In addition to the light absorption by the semiconducting CoO layer, the SPR effect is expected in the Co layer when the Co/ CoO(111) hybrid structures are exposed to light. The presence of a surface in metals can make 'plasmons' which are collective oscillations of free electrons. 77, 78 The surface plasmons cause the displacement of the electron gas with respect to their equilibrium position around positively charged ions. The localized surface plasmons (LSPs) in metal nanoparticles can be excited by irradiation at a specic frequency, 77, 79 resulting in the generation of hot carriers. Under the assumption that the Co layers ($nm thick) decorated on the CoO(111) layer have the surface plasmon resonance frequency of the visible light spectrum (similar to that of the 20% stretched thin Co(111) slabs along the in-plane direction), we focus on the The energy-population distribution of hot carriers resulting from the decay of the surface plasmons is the most critical factor that determines how many hot carriers can overcome the SBH at the metal/semiconductor interface and induce the HER/OER in the system. [80] [81] [82] For the prediction of the distribution, we use eqn (3) . The details are explained in Methods. Fig. 7 shows the predicted hot electron energy distribution in the Co layers in the Co/ CoO hybrid structures under photon energies of 2 eV (E ph < E CoO g in Fig. 7(a) ) and 2.6 eV (E ph $ E CoO g in Fig. 7(b) ). The reason for the selection of E ph ¼ 2 and 2.6 eV is to understand both when the CoO layer can absorb the incident visible light and not. Each Co layer has a slightly different energy-population distribution aspect because of the different LDOS of the Co layers on the CoO core. Owing to the higher photon energy, more hot electrons are populated under E ph ¼ 2.6 eV than under E ph ¼ 2 eV. Among the four hybrid structures, Co(4)/CoO(111) shows the highest hot electron population under both incident photon energies. This makes sense because more energy states are present around the E F for electron excitation (Fig. 5(a) ), especially in the Co layers close to the interface (Co-0 and Co-1). Accordingly, more plasmons can be excited from the occupied states to the unoccupied states, and create a high population of hot electrons.
To quantify how many hot electrons generated in the Co layer can overcome the SBH (E $ SBH) and go over to the adjacent CoO layer, we integrate the area of E $ SBH in Fig. 7(a) and (b) and the results are plotted in Fig. 8(a-1) and (b-1). Except for Co(4)/ CoO(111) in which hot electrons cannot move to the CoO layer due to the SBH being higher than the energy which hot electrons have, the numbers of hot electrons overcoming their SBHs are similar in the three Co/CoO(111) structures with 1-3 Co layers.
Under a higher photon energy (2.6 eV in Fig. 8(b-1) ), more hot electrons can transfer to the CoO layer over the SBH than when under a lower photon energy (2 eV), since more hot electrons of high energy are populated under the higher photon energy.
However, since hydrogen is much easier to be evolved on the Co(111) surface rather than on the CoO(111) surface, with a reduced HER overpotential (Fig. S11 in the ESI †), hot electrons staying in the Co layer (not overcoming the SBH) are more helpful for hydrogen evolution with the SPR effect. Therefore, we investigate the hot electron population staying in the Co layers in the Co/CoO(111) hybrid structure by integrating the area of the hot electron energy distribution below the SBH (E < SBH) under photon energies of 2 and 2.6 eV. The results are shown in Fig. 8 (a-2) and (b-2). The population of hot electrons staying in the Co layer shows no big difference among the Co/CoO(111) structures with 1-3 Co layers, but a slight increase at a higher photon energy. Since some hot electrons (holes) overcome the SBH and some are le in the Co layers, hot electrons and holes existing in the conned space (like Co/CoO nanoparticles) are likely to recombine, resulting in the reduced efficiency of the SPR effect.
On the other hand, the Co layers in the Co(4)/CoO(111) structure have enormous hot electrons, especially in the Co-0 and Co-1 layers. These hot electrons in the thick Co layer face a very high SBH (f e ); therefore, all the hot electrons stay in the Co layers. Furthermore, hot holes have a negative SBH (f h ), and all hot holes transfer to the CoO layer without any barrier. Since HER energetically prefers to occur on the Co(111) surface (Fig. S11 in the ESI †) , and the OER prefers to happen on the half hydroxylated CoO(111) surface, 14 the efficient separation of hot electrons and holes minimizes their recombination rate, and accordingly, maximizes the photocatalytic efficiency for the HER/OER with the SPR effect.
Conclusions
This study identies the interfacial characteristics of the Co/ CoO(111) core-shell structures formed in a reducing environment. The created Co(111) layers are subjected to 20% tensile strain along the in-plane direction, forming an epitaxial structure with the underlying CoO(111) core. The structural state of the Co layers is close to the structure under the tensile deformation with Poisson's ratio of Co. The interfaces formed in the Co/CoO hybrid structures with different Co layer thicknesses E is the energy of hot electrons and E(TS) is the energy required for triggering the HER, which is determined by the calculated HER overpotential, DG H* . All hot electrons generated in the Co layers of the Co/CoO(111) structures have higher energy (E) than the energy of the transition state of the HER (Fig. S15 in the ESI †); thus, the hot electrons generated in the Co layers can trigger the HER without further application of external energy. Table 2 Summary of the photocatalytic properties of Co(x)/CoO(111) (x is the number of Co layers) under a photon energy smaller than the band gap of CoO (E ph < E g ) and larger than the band gap of CoO (E ph $ E g ). Two photocatalytic behaviors, plasmonic properties (denoted as 'SPR effect') and light absorption by the CoO layer (denoted as 'light absorption') are considered. A feasible reaction by the light absorption of CoO layers is denoted as 'O' and an infeasible one as 'X'. The SPR effect is compared arbitrarily as 'low' or 'high' based on Fig. 8 Co layer thickness, x, in Co(x)/CoO(111) have different magnitudes of SBH for electron and hole transfer and band bending aspects: (1) the SBH for electrons (for holes) increases (decreases) as the Co layer thickness increases, and (2) the degree of downward band bending of the CoO layer at the interface decreases, and it suddenly becomes reverse (upward band bending) above the critical Co thickness. This variation is closely related to the change in the relative electron affinities of the Co and CoO layers according to the change of work functions of the Co and CoO layers in the hybrid structures. The Co layer thickness-dependent interfacial characteristics determined by the electron transfer across the interface, eventually, determine the comparative charge states of the Co layer and Co/ CoO interface, making the Co layer (CoO layer) more negatively (positively) charged. The different charge states of the Co surface and Co/CoO interface also vary the photocatalytic behaviors of the Co(x)/CoO(111) hybrid structures, i.e., both SPR effect in the Co layer and light absorption by the CoO layer for the HER. The comparative photocatalytic properties of the Co/ CoO(111) hybrid structures predicted in this study are summarized in Table 2 . Under illumination of E ph < E CoO g , only the SPR effect in the Co layer is expected since the CoO layer cannot absorb light. The SPR effect is high in the thick Co layer decorated structure (Co(4)/CoO(111)); therefore, hydrogen is expected to actively evolve on the hybrid structure from water splitting. Under illumination of E ph $ E CoO g , the SPR effect is still high in the thick Co layer deposited structure for H 2 evolution, but the effect is more pronounced than that under smaller E ph . Another effect, the HER by the light absorption by the CoO layer, practically occurs only in the thin Co layer decorated hybrid structure such as Co(1)/CoO(111), because light absorbed by the CoO layer has enough energy to induce the HER on the Co/CoO(111) surface. In short, for H 2 evolution from water splitting by the SPR effect, a thick Co layer is needed to be deposited on the CoO(111) layer, yet a thin Co layer is required for the optimal band edge and low HER overpotential to induce the HER on the hybrid structures under irradiation.
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